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PERFORMANCE OF THE LM RCS DURING THE 

AS-504/SC-104/LM-3 MISSION (APOLLO 9 )  

By Donald R .  Blevins, Bernard J. Rosenbaum, 
q d  Lonnie W .  Jenkins 

SUMMARY 

The Apollo 9 vehicle w a s  launched from John F. Kennedy Space Center 
(KSC)  Launch Complex 39A at 16:00:00.7 Greenwich mean t i m e  ( G . m . t . )  on 
March 3, 1969. The command module landed i n  t h e  At lan t ic  at 
17:00:54 G . m . t .  on March 13, 1969. 
m i s s  ion. 

Apollo 9 w a s  an ea r th  o r b i t a l  

The lunar  module (IM) reaction con t ro l  system (RCS) performed satis- 
f a c t o r i l y  throughout t h e  mission. 
on" t h r u s t  chamber pressure (TCP) switch which w a s  used t o  monitor t h e  
quad 4 upf i r ing  engine (B4U) .  

The only problem noted w a s  a " f a i l e d  

A l l  tes t  objec t ives  were s a t i s f i e d .  

A s i g n i f i c a n t  decrease i n  the  n a t u r a l  frequency of t h e  LM RCS f u e l  
and oxid izer  manifold pressure f luc tua t ions  w a s  noted during intercon- 
nect feed operations associated with t h e  ascent propulsion system ( A P S )  
burn t o  depletion. This decrease w a s  apparently caused by e i t h e r  free 
helium which entered t h e  RCS manifolds from t h e  APS o r  a higher satura- 
t i o n  l e v e l  of APS propellants r e l a t i v e  t o  RCS propel lan ts .  
t h e  condition w a s  not detrimental t o  RCS operation. 

I n  any event, 

The l imi t ed  mount of spacecraft  ve loc i ty  d a t a  which w a s  available 
indica ted  t h a t  RCS engine performance was nominal. 
repor ted  t h a t  engine performance was nominal throughout t h e  mission. It 
i s  estimated t h a t  t h e  RCS engines accumulated a t o t a l  of 1250 seconds 
t i m e  and 20 000 f i r i n g s  during the mission. 

I n  addi t ion ,  t h e  crew 

"on" 

The thermal performance of the  RCS w a s  s a t i s f a c t o r y ,  although t h e  
caution and warning (CW) upper quad temperature l i m i t  of 190' F w a s  
exceeded during four periods. 
from periods of high engine a c t i v i t y  and were not t h e  r e s u l t  of any 
hea te r  problems. A s  had been expected, no problems r e su l t ed  from t h e  
high temperatures. 
increased on subsequent LM vehicles,  and t h e  CW range w i l l  be increased 
on LM-4 and de le ted  on LM-5 and subsequent LM vehicles.  

The high temperature conditions resulted 

The quad temperature measurement range w i l l  be 
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The t o t a l  propellant consumption from t h e  RCS tanks w a s  353 pounds 
as measured by t h e  onboard propel lan t  quant i ty  measuring devices (PQMD) 
o r  369 pounds as measured by a ground-calculated pressure-volume- 
temperature (PVT) analysis.  
s ince  t h e  PQMD measured t h e  a c t u a l  helium tank temperature and t h e  PVT 
ana lys i s  u t i l i z e d  t h e  telemetered f'uel tank temperature, 
99 pounds were used from t h e  APS tanks during interconnect feed opera- 
t i o n s  associated with t h e  c o e l l i p t  i c  sequence i n i t i a t i o n  (CSI ) (st aging) 
and APS burn-to-depletion maneuvers. 
following periods of r ap id  propel lan t  usage; t h e  maximum overshoot w a s  
about 5 pounds on a s i n g l e  system. 

The P&MD value i s  probably more accura te  

An add i t iona l  

S l igh t  PQ,MD overshoots were noted 

Pressure switch operation, with t h e  exception of  t h e  switch monitor- 
i ng  t h e  quad 4 up f i r ing  engine, was nominal. 
t h e  closed posit ion on t h e  f irst  f i r i n g  of t h e  4-up engine at 
48:04:37 g.e. t .  and remained closed u n t i l  98:33:33 g .e . t .  when it reopened 
and began operating in t e rmi t t en t ly ,  
completely normal operation. 
f a i l u r e  w a s  pa r t i cu la t e  contamination. 
a f f ec t ed  t h e  mission. 
would have been unable t o  de tec t  a 4-up engine o f f - f a i lu re .  

The 4-up switch f a i l e d  i n  

The switch eventually re turned  t o  

The switch f a i l u r e  i n  no way 
The most probable cause of t h e  switch 

The only poss ib le  e f f e c t  w a s  t h a t  t h e  CW system 

INTRODUCTION 

Apollo 9 w a s  t h e  t h i r d  manned Apollo mission, t h e  second manned 
Saturn V launch, the  second Apollo mission t o  include t h e  LM, and t h e  
f irst  manned LM mission. Li f t -of f  occurred at 16:00:00.7 G . m . t .  on 
March 3,  1969, and splashdown occurred i n  t h e  At l an t i c  a t  17:00:54 G.m. t .  
on March 13, 1969. 
241: 00 : 54 hours. 
David S c o t t ,  command module p i l o t ;  and Russell  Schweickart, l una r  module 
p i l o t .  

The ea r th  o r b i t a l  mission covered a period of 
The crewmembers were James McDivitt , commander ; 

The mission w a s  a D-type mission with objectives '  as defined i n  
Revision 1, Change A of t h e  Mission Requirement Document, "D-Type M i s -  
s ion ,  LM Evaluation and Combined Operations." The o v e r a l l  ob jec t ive  of 
t h e  mission was t o  evaluate LM systems performance and f 'unctional capa- 
b i l i t y  and t o  D e r f o m s e l e c t e d  command and se rv ice  module/lunar module 
(CSM/LM) operations (rendezvous and docking). Detailed test  objec t ives  
(DTO'S)  involving t h e  LM RCS were as follows: 

1. P11.7 -PGNCS Atti tude/Translation Control -Ver i fy  t h e  capa- 
b i l i t y  of performing cont ro l  functions while operating t h e  LM PGNCS and 
obta in  RCS propellant usage data.  

, 
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2. P12.3 - AGS/CES Alti tude/Translation Control - Verify t h e  
capab i l i t y  of performing control  functions while operat ing t h e  LM/AGS/ 
CES and obtain RCS propel lant  usage data. 

3. ~ 1 6 . 1 9  - Rendezvous Radar/RCS Plume Impingement/Corona Effect  - 
Determine t h e  rendezvous radar  (RR) high-power mul t ip l i e r  corona suscepti-  
b i l i t y  because of RCS plume impingement on t h e  RR antenna. 

4. M17.17 - LM Environment and Propulsion Thermal Ef fec ts  - 
Verify t h e  performance of t he  passive thermal subsystem t o  provide ade- 
quate thermal con t ro l  when t h e  spacecraft  i s  exposed t o  t h e  na tu ra l  and 
propulsion-induced thermal environments. 

5 .  Obtain RCS propel lant  consumption during t h e  following DTO's :  

a. P11.5 - LM IMU Inf l igh t  Alignment 

b; P11.14 - PGNCS Controlled AF'S Burn 

c. P20.21 - LM Evaluation Rendezvous 

d. ~ 2 0 . 2 8  - LM Active Docking 

The Apollo Mission D plan consisted of s i x  periods of a c t i v i t i e s .  
A summary of t h e  major spacecraft  events i n  each of t h e  a c t i v i t y  periods 
i s  as follows : 

1. F i r s t  period - Launch, pretranslunar  i n j ec t ion  procedure exer- 
c i s e ,  t ranspos i t ion  and docking, CSM/LM e jec t ion ,  one docked service 
propulsion system (SPS) burn, and S-IVB unmanned res tar t (s)  

2. Second period - Three docked SPS burns 

3. Third period - LM systems evaluat ion,  docked descent propul- 
s ion  system (DPS) burn,  and docked SPS burn 

4. Fourth period - Extravehicular a c t i v i t y  (EVA) 

5 .  Fi f th  period - LM act ive rendezvous and unmanned APS long- 
durat ion burn t o  deplet ion 

6 .  Sixth period - CSM so lo  a c t i v i t i e s ,  including two SPS orb i t -  
shaping burns,  and a deorbi t  burn and an At lan t ic  recovery-area landing 

The LM RCS was not pressurized and telemetry da ta  were not ava i lab le  
u n t i l  e a r l y  i n  t h e  t h i r d  period. 
LM powered up phases of t he  t h i r d ,  four th ,  and f i f t h  periods u n t i l  t h e  
deplet ion of t h e  LM ba t t e ry  power near t h e  end of t he  f i f t h  period. 

The RCS da ta  were ava i lab le  during t h e  
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FLIGHT PERFORMANCE 

System Configuration 

A LM-3 RCS simplif ied schematic and complete mechanical schematic 
a r e  shown i n  f igures  1 and 2 ,  respect ively.  
loca t ion  of the RCS components r e l a t i v e  t o  t h e  LM s t ruc tu re .  Figures 4 
and 5 a re  i l l u s t r a t i o n s  of t h e  RCS t h r u s t  chamber assembly (engine) and 
t h e  t h r u s t  chamber assembly c l u s t e r  (quad). 
f i c a t i o n  numbers and manufacturers of t h e  major LM RCS components. 
Changes i n  the LM-3 configuration from t h e  LM-1 configuration were as 
follows : 

Figure 3 i l l u s t r a t e s  t h e  

Table I includes t h e  speci- 

1. The th rus t  chamber pressure transducers (TMC P/N 228658) were 
replaced with t h r u s t  chamber pressure switches (LSC 310-651). 

2. Engine-inlet pressure transducers (LSC 310-121 ) were not 
included on LM-3. 

3. The in- l ine propel lant  f i l t e r s  (LSC 310-125) were placed 
upstream of the c l u s t e r  i so l a t ion  valves (LSC 310-403). 

4.  A n  ascent interconnect package including a primary and second- 
a ry  valve (LSC 310-403) on each propel lant  manifold ( A  f u e l ,  A oxid,  
B f u e l ,  and B oxid)  replaced t h e  LM-1 configuration which included a 
s ing le  valve per manifold. 

5. Minor l i n e  configuration changes were made i n  t h e  tankage 
modules and propellant manifolds. 

The only planned change from the  LM-3 configuration f o r  LM-4 and 
subsequent vehicles i s  t h e  t h r u s t  chamber pressure switches which w i l l  
be changed as shown i n  t a b l e  11. 

Instrument a t  ion 

The LM-3 RCS measurement l i s t  i s  included i n  t a b l e  111; f igu re  2 
i l l u s t r a t e s  the loca t ions  of t h e  various measurements i n  t h e  system. 
A l l  RCS instrumentation operated normally throughout t h e  mission with 
the  exception of t he  B4U TCP switch. 
on the  f i r s t  f i r i n g  of t h a t  engine at 48:04:36 g . e . t .  and remained closed 
unt i l  9 8 ~ 3 3 ~ 3 7  g.e.t .  when it s t a r t e d  operating in t e rmi t t en t ly .  
switch f a i lu re  had no e f f ec t  on the  mission. 
t h e  switch f a i lu re  i s  included i n  t h e  "Thrust Chamber Pressure Switches" 
sec t ion  of t h i s  repor t .  

The B4U TCP switch f a i l e d  closed 

The 
A complete discussion of 
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Caution and Warning System 

The RCS measurements monitored by t h e  CW and t h e i r  associated t r i p  
limits a r e  included i n  t a b l e  I V .  
monitor t h e  RCS measurements was demonstrated during Apollo 9; a l l  RCS- 
r e l a t e d  CW operations were nominal. 
TCP switches are considered t o  be p a r t  of t h e  RCS and not t h e  CW. The 
upper quad temperature l i m i t  of 190° F was exceeded during four  
occasions : 

The a b i l i t y  of t h e  CW t o  accurately 

The reader should note t h a t  t h e  

1. 

2. 

On quads 1 and 3 following DPS-1 (49:47:32 g .e . t  . ) 
On quads 1, 3, and 4 following s taging (96:20:26 g . e . t . )  

3. On a l l  quads during the terminal phase of rendezvous u n t i l  a f t e r  
docking (98:33:23 g .e . t .1  

4. On quads 1, 2 ,  and 3 a f t e r  t h e  APS burn t o  depletion 
(102:01:30 g . e . t . )  

Telemetry data (GL 4069X, master alarm on) v e r i f i e d  t h e  CW indica- 
t i o n s  at t h e  times shown i n  parentheses fo r  occasions 1, 2,  and 3, but 
t h e  da ta  were in su f f i c i en t  t o  ver i fy  occasion 4.  

The CW upper l i m i t  w a s  intended t o  ind ica te  a f a i l e d  "on" heater  
condition and w a s  not intended t o  ind ica te  high engine f i r i n g  a c t i v i t y ,  
which w a s  t h e  s i t u a t i o n  i n  each of t h e  four cases mentioned. The cooling 
e f f e c t  of propellant flow prevents overheating of t h e  in j ec to r  valves 
during engine ac t iv i ty .  No problems occurred during t h e  mission from 
t h e  high c l u s t e r  temperature conditions or t he  associated CW indicat ions.  
Recent engine vendor t e s t  da ta  indicated t h a t  t h e  engine in j ec to r  valves 
can withstand temperatures i n  excess of t h e  m a x i m u m  which could be pro- 
duced by a failed "on" heater .  A s  a result , t h e  quad temperature telem- 
e t r y  range and CW l i m i t s  w i l l  be increased on LM-4. 
subsequent vehicles  w i l l  include an increased measurement range, but t h e  
CW s igna l  w i l l  be deleted en t i re ly .  

The LM-5 and 

Pref l igh t  Activity 

The LM-3 RCS propel lant  tanks and propel lant  manifolds were loaded 
i n  t h e  following sequence t o  t h e  values shown i n  table V. 

1. The RCS manifolds were evacuated and t h e  c lus t e r  i so l a t ion  
valves were closed a t  0230 hours eas te rn  standard time (e .s . t . )  
February 1, 1969. 
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2. The RCS f u e l  and oxidizer  tanks were loaded on February 4 and 
February 8, 1969, respect ively.  
pressure of about 50 p s i a  was s e t .  

Nominal u l lages  were drawn and a blanket 

3. The primary and secondary interconnect valves were opened t o  
f i l l  t h e  manifolds from t h e  APS in te r face  down t o  t h e  i so l a t ion  valves;  
t h e  secondary interconnect valves were then reclosed. The main shutoff 
valves were opened at 2000 hours e . s . t .  on February 23, 1969. 

4. The i so la t ion  valves were opened t o  f i l l  the-manifolds t o  t h e  
engine valves a t  2000 hours e . s . t .  on February 26, 1969. 

Both t h e  primary and secondary interconnect valves were closed 
during t h e  manifold evacuation process ; consequently , gas was probably 
in jec ted  i n t o  t h e  RCS manifolds during manifold-f i l l ing operations.  

H e l i u m  loading was completed at about 2000 hours e . s . t .  on 
February 24, 1969. 
2947 ps ia  at 69' F on system A and system B, respect ively.  
pressure i s  3050 ps i a  at TO0 F (1.03 1bm of helium) , and t h e  P&MD cal ibra-  
t i ons  w e r e  based on a nominal load. 
were s l i g h t l y  lower than normal throughout t h e  mission. 

The helium pressures were 2988 p s i a  at 70.2' F and 
The nominal 

Therefore, t h e  PQMD indicat ions 

Table V I  i s  a summary of t h e  p re f l igh t  system pressure h i s t o r i e s .  
A s  shown i n  the t a b l e ,  t h e  propellant manifolds maintained t h e  same 
vacuum pressure f o r  22 days. The gradual increase i n  regulator  o u t l e t  
pressure during the  prelaunch period w a s  within the  allowable check- 
valve reverse-leakage l i m i t s .  
f o ld  pressures were nominal. 

A l l  prelaunch helium and propellant mani- 

Fl ight  Time Line 

Table V I 1  contains a l i s t  of t h e  major mission events and ac t iv i -  
t i e s  per t inent  t o  t h e  LM RCS. 

H e l i u m  Pressurizat ion System 

'The helium pressurizat ion system performance w a s  nominal throughout 
t h e  mission. 
t o  pressurize  t h e  RCS propel lant  tanks and manifolds t o  operating pres- 
sure .  Following squib actuat ion,  t h e  propel lant  manifold pressures 
increased very smoothly at a rate of approximately 70 ps i / sec ;  no pres- 
sure  overshoots were observed. 

The helium squib valves were actuated at 47:36:58 g . e . t .  

Operating pressure w a s  reached i n  all 
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manifolds i n  about 2 seconds. The regulators  maintained acceptable out- 
l e t  pressure (between 178 and 184 p s i a )  throughout t h e  mission. 
evidence of ex terna l  leakage w a s  observed. 

No 

Figure 6 i s  a comparison of t h e  system A and system B helium tank  
pressures and PQMD outputs f o r  the port ions of t h e  mission which required 
IN RCS operation. 
PQMD output i s  evident from t h e  f igure.  A s  t h e  result of helium cooling, 
t h e  helium tank pressures and the  PQMD's overshot following periods of 
rap id  propel lant  consumption. The overshoots ranged as high a s  55 p s i  
and 1.8 percent ( 5  pounds of propel lant)  on t h e  tank pressures  and 
PQMD's, respect ively.  

The close relat ionships  between tank pressure and 

Propellant System 

The propel lant  supply system functioned normally throughout t h e  
mission. No evidence of propel lant . leakage w a s  noted. 

The crew reported t h a t  when t h e  ascent FEED 2 switch on system A 
( f i g .  2 )  w a s  placed i n  t h e  "closed" posi t ion t o  ve r i fy  t h a t  t h e  second- 
a ry  interconnect valves were closed before RCS pressur iza t ion ,  one sys- 
t e m  A talkback read gray f o r  approximately 20 seconds. 
indicated t h a t  t h e  valve posi t ion ind ica tors  operated properly;  there- 
f o r e ,  t h e  talkback w a s  "sticky." 
subsequent system A ASC FEED 2 commands, but had no e f f ec t  on t h e  m i s -  
s ion. 

F l igh t  da ta  

The "sticky" talkback pe r s i s t ed  on 

Shortly a f t e r  RCS pressurizat ion,  t h e  system A secondary intercon- 
nect valves were inadvertent ly  opened f o r  about 3.3 seconds (from 
47:39:35.1 t o  47:39:38.4 g . e . t . ) .  
propel lant  t o  t r a n s f e r  i n t o  t h e  A P S ,  which w a s  then pressurized a t  
150 psia .  The inadvertent opening occurred during a procedure t o  ve r i fy  
t h a t  t h e  secondary interconnect valves were closed and t h e  primary in t e r -  
connect valves were open following RCS pressurizat ion.  The system A main 
shutoff  valves (MSOV) remained open during t h i s  period. 
problems were noted. 

This allowed about 5 pounds of RCS 

No re su l t an t  
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Manifold pressures throughout t h e  mission remained within t h e  normal 
RCS range except fo r  t h e  two scheduled periods of APS interconnect opera- 
t i on .  During interconnect operation, t h e  manifold pressures increased 
t o  t h e  nominal 186-psia APS pressure,  except during t h e  APS burn t o  
depletion when t h e  manifold pressures decreased t o  167 p s i a  as the  result 
of an APS regulator problem. 
f e r  t o  t h e  interconnect mode during t h e  f i n a l  LM cabin closeout ,  but 
only system B w a s  t ransfer red  (100:49 g . e . t . ) .  
normal feed mode throughout t h e  remainder of t h e  mission. 

Both RCS systems were scheduled f o r  t rans-  

System A remained i n  t h e  

The crew reported t h a t  both t h e  system A and system B primary i n t e r -  
connect valves (ASC FEED 1) produced an audible ind ica t ion  of '  a positi'on 
change when they were energized "open" t o  ve r i fy  t h a t  they were i n  the  
open posit ion following APS pressurizat ion.  
t h e  primary interconnects had closed sometime between RCS pressur iza t ion  
and t h e  audible indicat ion.  Available da ta  a re  in su f f i c i en t  t o  determine 
if t h e  valves had ac tua l ly  "shuttled" closed. 
valves were closed following t h e  inadvertent system A interconnect valve 
opening noted previously. 

This would ind ica te  t h a t  

It i s  possible  t h a t  t h e  

The incident had no e f f e c t  on t h e  mission. 

A s igni f icant  s h i f t  i n  t h e  na tu ra l  frequency of t h e  system B f u e l  
and oxidizer  manifold pressure f luc tua t ions  occurred during f i r i n g s  
associated with t h e  APS burn t o  depletion ( f i g .  7 ) .  
quency of t he  fuel manifold w a s  18 Hz pr io r  t o  t h e  ullage burn, gradu- 
a l l y  decreased t o  9 Hz during t h e  f i r s t  15 seconds of t h e  u l lage  burn, 
and remained a t  9 Hz throughout both the  remaining ul lage burn 
(34.1-second f i r i n g )  and the  APS burn. The f u e l  frequency immediately 
increased t o  about 1 4  Hz a f t e r  t h e  APS engine cut-off. The oxidizer  
na tura l  frequency w a s  about 9 Hz p r io r  t o  t h e  u l lage  burn,  decreased t o  
about 8 Hz during t h e  ul lage f i r i n g ,  and gradually decreased t o  7 Hz 
during t h e  APS burn. The oxidizer  frequency a l s o  immediately increased 
t o  1 4  Hz at APS engine cut-off. 
quency could have been caused by one or  more of t h e  following: 

The na tu ra l  f re -  

The i n i t i a l  decrease i n  na tu ra l  f re -  

1. H e l i u m  ingest ion from t h e  APS as t h e  r e s u l t  of opening t h e  
interconnect valves without first performing'an u l lage  burn t o  s e t t l e  
t he  propellants . 

2. The APS propel lants  saturated t o  a higher percentage and at a 
higher pressure than t h e  RCS propel lants  could r e s u l t  i n  a frequency 
change without t h e  generation of f r e e  gas bubbles i n  t h e  system. 

. 

3. The ul lage accelerat ion forcing possible  f r e e ,  minute helium 
bubbles suspended within the  propel lants  t o  accumulate i n  "high points" 
of t h e  manifold, consequently changing t h e  e f f e c t i v e  manifold length ,  
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The f irst  explanation appears most probable. Rough ca lcu la t ions  
ind ica te  t h a t  a two-engine ullage f i r i n g  would require  about 6 and 
8 seconds t o  carry a helium bubble from t h e  APS tank o u t l e t  t o  t h e  RCS 
oxidizer  and f i e 1  manifolds, respect ively,  assuming t h e  bubble moved 
with t h e  propel lant .  On t h e  other hand, ne i the r  t h e  APS chamber pres- 
sure nor t h e  RCS pressure switches provided any ind ica t ion  of free gas 
passing through t h e  engine. The pressure switches, however, are gener- 
a l l y  in sens i t i ve  t o  ingested gas. The second possible  cause must a l so  
be considered, primarily because of t h e  uncertainty i n  determining t h e  
t i m e  required f o r  t h e  helium t o  sa tura te  t h e  propel lants .  Assuming t h a t  
both t h e  RCS and APS propel lants  were sa tura ted  at t h e i r  respect ive 
nominal manifold pressure (180 and 186 p s i a )  , calculat ions ind ica te  t h a t  
t h e  small addi t iona l  helium dissolved i n  t h e  APS propel lants  w a s  insuf-  
f i c i e n t  t o  account f o r  t h e  frequency shif t . .  On t h e  o ther  hand, i f  t h e  
APS propel lants  were sa tura ted  and t h e  RCS propel lants  were not ,  as 
could be t h e  case because of t h e  much higher APS pad pressure (150 p s i a  
versus 30 t o  50 p s i a  f o r  t h e  RCS),  ca lcu la t ions  ind ica te  t h a t  t h e  more 
sa tura ted  &S propel lants  (lower na tu ra l  frequency) would d e f i n i t e l y  
decrease t h e  frequency. A l ack  o f  base-line data precludes ca lcu la t ion  
of t h e  spec i f i c  decrease. 

The sudden s t e p  increase i n  na tu ra l  frequency a f t e r  APS engine cut- 
o f f  w a s  apparently caused by a large s lug  of APS helium enter ing t h e  RCS 
l i n e s .  Calculations show t h a t  RCS propel lant  usage a f t e r  APS propel lant  
deplet ion exceeded t h a t  amount contained within the  manifold segment 
leading from the  APS t o  t he  RCS, thus helium w a s  forced i n t o  t h e  RCS 
l i n e s .  Because t h e  interconnect valves a re  located roughly i n  t h e  middle 
of t h e  RCS manifold, t h e  helium bubble i n  e f f ec t  decreased t h e  e f f ec t ive  
manifold lengths by about a factor  of two, consequently increasing t h e  
na tu ra l  frequency. The existence of a helium bubble within t h e  manifold 
a t  t h i s  time was corroborated by t h e  pressure f luc tua t ions  associated 
with engine f i r i n g s .  
t i v e  t o  f i r i n g s  of engines located on one s ide  of t h e  transducer but 
w e r e  responsive t o  f i r i n g s  of engines located on t h e  other  side of t h e  
transducer.  

The manifold transducers were r e l a t i v e l y  insensi-  
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Engine Performance 

Engine performance was reported by the  crew as nominal throughout 
Specif ic  pos t f l i gh t  performance data were qui te  l imi t ed ;  t h e  mission. 

however, t h e  avai lable  da ta  contained no ind ica t ion  of o ther  than nominal 
operation. 

Accurate performance da ta  were ava i lab le  f o r  only t h e  downfiring 
engines, and during only t h e  CSI ( s t ag ing )  maneuver and t h e  u l lage  burn 
f o r  t h e  APS burn t o  depletion. 
e i t h e r  missed because of operation between s t a t i o n s  o r  were ava i lab le  
as only ra ther  dispersed m a x i m u m  and minimum t h r u s t  values .  No accurate  
performance data were ava i lab le  from t h e  a t t i t u d e  control  f i r i n g s  because 
of t h e  combination of low sample rate, shor t  pulse  widths,  and r a t e  gyro 
i n s e n s i t i v i t y  . 

All other  engine performance data were 

The calculated performance values a r e  summarized i n  table V I I I .  
The AV expected values were based on t h e  summation of t h e  engine on- 
times corrected f o r  a t t i t u d e  cont ro l  f i r i n g s  and t h e  engine e f f e c t i v e  
t h r u s t  corrected f o r  predicted plume impingement losses .  The AV ac tua l  
data were simply t h e  summation of t h e  computer word pulse  in t eg ra t ing  
pendulous accelerometer (PIPA) counts converted t o  feet per second. 
The "average e f f ec t ive  th rus t "  values were ca lcu la ted  by using t h e  
vehic le  mass, t h e  indicated AV (computer word PIPA counts ) ,  and t h e  
engine ontimes. 

The data i n  t a b l e  V I 1 1  are presented as a m a x i m u m  and a minimum 
e f f e c t i v e  th rus t .  
a r e  telemetered once every 2 seconds i n  whole numbers only. The PIPA 
r e g i s t e r s  a r e  then zeroed, thus  any f r a c t i o n a l  counts a r e  l o s t .  The 
minimum th rus t  values were ca lcu la ted  assuming t h a t  t h e  l o s t  f r a c t i o n a l  
counts were zero, whereas t h e  maximum values assumed t h e  loss w a s  
0.9999 count per  2 seconds. A s  a r e s u l t ,  an ac tua l  check against  t h e  
predicted th rus t  loss of down-engine f i r i n g s  with the  unstaged vehic le  
w a s  not avai lable .  The loss ,  because of plume impingement on t h e  descent 
s t age ,  w a s  predicted t o  be 8 pounds f o r  engines 1-, 3-, and 4-down and 
37 pounds f o r  engine 2-down ( the  addi t iona l  loss  w a s  t h e  r e s u l t  of an 
added she l f  on t h e  descent s tage  below engine 2-down). 

This w a s  necessary because the  AV data (PIPA counts) 

The lack of complete data coverage plus  t h e  occasional noise  i n  
t h e  ava i lab le  je t -dr iver  b i l eve l s  made it impossible t o  determine exact 
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values f o r  t o t a l  f i r i n g  t i m e  and t o t a l  number 
rough estimate of t h e  t o t a l  burn t i m e  i s  1250 
propel lant  consumed. The estimated number of 
an assumed 50-millisecond average pulse width 
f i r i n g s  . 

Thermal Control 

of f i r i n g s .  However, a 
seconds based on t o t a l  
pulses i s  20 000 based on 
exclusive of  steady-state 

The thermal performance of the RCS w a s  s a t i s f a c t o r y ,  although t h e  
CW upper quad temperature l i m i t  of 190' F was exceeded during t h e  four  
occasions l i s t e d  i n  the  "Caution and Warning System" sect ion of t h i s  
repor t .  

The CW upper temperature l i m i t  was  se lec ted  t o  iden t i fy  a failed- 
on heater  condition and w a s  not intended t o  ind ica te  high engine f i r i n g  
a c t i v i t y ,  which w a s  t h e  s i tua t ion  i n  each of t h e  four cases. 
no problems r e su l t ed  from the  high temperatures. 
engine component temperature p ro f i l e s  during several  port ions of t h e  
mission are shown i n  f igure  8. This f igu re  i l l u s t r a t e s  t h a t  t h e  engine 
i n j e c t o r  valve temperatures decreased rapidly during periods of high 
engine a c t i v i t y  because of t h e  cooling e f f e c t  of propel lant  flow. By 
t h e  time t h e  in j ec to r  valves returned t o  t h e i r  nominal temperatures, t h e  
quad temperatures had cooled t o  below the  upper CW l i m i t .  
t h e  component temperatures were not ava i lab le  during t h e  f i n a l  s tages  
of rendezvous and docking when the quad 4 temperature remained above t h e  
CW upper l i m i t  f o r  a sustained period of time (1 hour and 20 minutes). 
Figure 8 a l so  i l l u s t r a t e s  t h a t  down-engine f i r i n g s  had t h e  g rea t e s t  
influence on quad temperatures. 

A s  expected, 
Examples of quad and 

Unfortunately, 

When t h e  engine heaters  were ac t ive ,  t h e  quad temperatures ranged 
from 139' F ( the  lower CW l i m i t  was 117' F) t o  above 209' F during 
periods of high engine a c t i v i t y .  The maximum temperature w a s  beyond 
t h e  telemetry instrumentation range. 
a c t i v e ,  ( fo r  example, during the EVA period)  quad temperatures ranged 
from 63' t o  101' F,  wel l  above the freezing poin ts  of t he  propel lants  
(1.8' t o  21' F f o r  t h e  f u e l  and 12' F f o r  t h e  oxid izer ) .  Unfortunately, 
t h e  exact quad warmup t i m e  (time from heater  ac t iva t ion  t o  steady-state 
temperature) w a s  not ava i lab le  because of l imi ted  s t a t i o n  coverage. 
Howeyer, it could be determined t h a t  t h e  warmup time was 30 minutes or  
less on all quads during both the f i rs t  and second heater  ac t iva t ions .  
The RCS f u e l  tank temperatures ranged from 66' t o  70' F. 
temperatures during t h e  mission a re  shown i n  f igures  9 and 10. 

When t h e  engine hea ters  were not 

The quad 
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Propellant U t i l i z a t i o n  and Quantity Gaging 

A comparison of t h e  t o t a l  RCS propel lan t  consumption p r o f i l e  with 
t h e  f l i g h t  plan predicted p r o f i l e  i s  included i n  f i g u r e  11. 
lant  consumption was measured by t h e  onboard PQMD's and a p o s t f l i g h t  
ground ca lcu la ted  PVT analys is .  
from t h e  PQMD were i n  c lose  agreement during a l l  phases of t h e  mission. 
The PVT analysis w a s  based on an oxidizer-to-fuel mixture r a t i o  of 1.92 
and t h e  telemetered helium tank pressures and f u e l  tank  temperatures. 
Both t h e  PQ,MD and PVT measurements were subject t o  overshoot r e s u l t i n g  
from rap id  helium cooling during periods of high propel lan t  usage. 
PVT ana lys is  overshoot was more pronounced than t h e  PQ,MD overshoot s ince  
it w a s  based on a l e s s  s e n s i t i v e  temperature measurement ( f u e l  tank  tem- 
pera ture) .  Therefore, t h e  PQMD r e s u l t s  should be more accura te  during 
and immediately following periods of high propel lan t  usage. 
and PVT overshoots a r e  evident i n  f igu res  11 and 12 .  
t h e  r e l a t ionsh ip  between helium tank pressure and PQMD output. 
viously noted, t h e  maximum PQMD overshoot w a s  about 5 pounds on a s i n g l e  
system. 

The propel- 

Results of t he  PVT analys is  and d a t a  

The 

The PQMD 
Figure 6 i l l u s t r a t e s  

A s  pre- 

Figure 1 2  includes individual system propel lan t  consumption p r o f i l e s  
as determined by both t h e  p o s t f l i g h t  PVT ana lys is  and t h e  onboard PQMD. 
The maximum imbalance between system A and system B usage during rendez- 
vous and docking w a s  about 30 pounds following LM s tag ing ,  with system B 
having t h e  grea te r  usage. 
burns f o r  descent propulsion system-1 (DPS-l), DPS phasing, and DPS 
inse r t ion  which u t i l i z e d  system B propellant exclusively.  A 25- t o  
30-pound d i f f e r e n t i a l  w a s  maintained between DPS i n s e r t i o n  and t h e  f i n a l  
s tages  of docking. A t  t h e  completion of docking, t h e  system B usage 
was only about 5 pounds g rea t e r  than t h e  system A usage. 

This w a s  p r imar i ly  t h e  r e s u l t  of t h e  ullage 

System A w a s  used i n  t h e  normal mode ins tead  of t h e  planned i n t e r -  
connect mode during t h e  APS burn t o  depletion. 
t i o n a l  usage from system A of about 80 pounds. 

This r e s u l t e d  i n  an addi- 

' Table I X  i s  a summary of t h e  LM RCS propel lan t  loaded, consumed, and 
remaining. Table X i s  a breakdown of RCS propel lan t  consumption associ-  
a ted  with t h e  major mission events. The propel lan t  consumption through 
f i n a l  docking, using t h e  PVT ana lys i s ,  was 286 pounds o r  28 percent less 
than t h e  predicted 400 pounds. The predic t ion  e r r o r  appeared t o  be pr i -  
marily t h e  r e s u l t  of excessive allowance f o r  a t t i t u d e  cont ro l  between ma- 
j o r  burns and f o r  nu l l ing  of t h e  AV r e s idua l s  following major burns. 

Thrust Chamber Pressure Switches 

A s  p a r t  of t h e  LM f a i l u r e  de tec t ion  system, a t h r u s t  chamber pres- 
sure switch i s  incorporated i n t o  each RCS engine as a means of de tec t ing  
a fa i led-of f  engine condition. The switch, normally open, i s  ac tua ted  
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closed by the pressurized chamber gases during engine operation. A t  
each f i r i n g ,  f a i l u r e  de tec t ion  log ic  compares t h e  je t -dr iver  f i r i n g  
command with t h e  switch pos i t ion  s igna l  as shown i n  t a b l e  I V .  
drawing of t h e  pressure switch i s  shown i n  f i g u r e  13. 

A sec t ion  

Pressure switch operation, with t h e  exception of t h a t  monitoring 
t h e  4-up engine, w a s  nominal throughout t h e  mission. 
switches were ind ica ted  closed within 10  f 5 msec a f t e r  t h e  jet,-driver 
"on" ind ica t ion ,  and reopened within 50 msec after t h e  j e t -d r ive r  "off" 
ind ica t ion .  These actuation times agree with t h e  operating character-  
i s t i c s  observed i n  ground t e s t s .  

Typically,  t h e  

The 4-up pressure switch, closing normally f o r  t h e  f irst  f i r i n g  of 
t h e  4-up engine at 48:04:37 g .e . t .  apparently remained f a i l e d  closed 
u n t i l  98:33:33 g .e . t .  when it reopened and began operating in t e rmi t t en t ly .  
This i n t e rmi t t en t  operation continued f o r  about 40 minutes , with t h e  
switch occasionally remaining closed after a f i r i n g  f o r  up t o  40 seconds. 
I n  general; however, t h e  switch remained closed f o r  5 t o  10  seconds after 
a f i r i n g  and occasionally operated normally, Normal switch operation 
subsequently returned and continued f o r  t h e  remainder of t h e  mission. 
Vehicle r a t e s  and propellant consumption during t h e  period of t h e  fa i led-  
on switch ind ica t ion  were normal, t he reby ' ru l ing  out t h e  p o s s i b i l i t y  
that t h e  failed-on switch was ind ica t ive  of a failed-on engine. Further- 
more, normal operation of the  4-up engine w a s  confirmed by v i s u a l  obser- 
va t ion  by t h e  crew. 
The only poss ib le  e f f e c t  was t h a t  t h e  CW system would have been unable 
t o  de tec t  a 4-up engine failed-off condition. 

The switch f a i l u r e  i n  no way a f f ec t ed  t h e  mission. 

The exact cause of t h e  stuck-closed f a i l u r e  cannot be ascer ta ined .  
The i n i t i a l  "stuck-closed" condition most l i k e l y  was due t o  p a r t i c u l a t e  
contamination , whereas t h e  cause of t h e  subsequent "sticking" Operation 
i s  not known. P a r t i c u l a t e  contamination is considered t h e  most l i k e l y  
cause of t h e  i n i t i a l  failed-closed condition because a small p a r t i c l e  
( 4  t o  6 m i l s )  could have e a s i l y  f a l l e n  i n t o  t h e  up f i r ing  engine during 
vehic le  checkout, During subsequent v ib ra t ions ,  t h e  p a r t i c l e  could 
have moved i n t o  t h e  pressure switch sensing po r t .  
from t h e  f irst  f i r i n g  def lec ted  t h e  switch diaphragm t h e  f u l l  6 t o  8 m i l s  
displacement and a t  t h e  same time could have forced t h e  p a r t i c u l a t e  
matter i n t o  t h e  switch beween the diaphragm and lower diaphragm support. 
The diaphragm t o t a l  def lec t ion  is  only 6 t o  8 m i l s ,  with only 4 t o  6 m i l s  
de f l ec t ion  requi red  t o  close the  switch. 

Pressurization gases 



CONCLUSIONS 

The LM RCS performance w a s  s a t i s f a c t o r y  during t h e  Apollo 9 mission, 
t h e  system demonstrated t h e  capab i l i t y  t o  perform t h e  necessary func- 

The only hardware prob- 

Numerous CW signal's occurred 

an 
t i o n s  for deep space and lunar  o r b i t  operations.  
l e m  noted was t h e  "closed" f a i l u r e  of t h e  t h r u s t  chamber pressure  switch 
which monitored t h e  quad 4 upf i r ing  engine. 
as t h e  r e s u l t  of exceeding t h e  quad temperature upper l i m i t  of 190° F. 
Because of the engine valve cooling e f f e c t  during propel lan t  flow as- 
soc ia ted  w i t h  engine f i r i n g s  and recent vendor t e s t  da t a  which ind ica t e s  
a higher allowable valve seat temperature, t h e  LM-4 quad temperature 
measurement range and CW l i m i t s  w i l l  be increased. The LM-5 and subse- 
quent vehicles w i l l  include an increased measurement range, but t h e  CW 
s igna l  w i l l  be de le ted  e n t i r e l y .  



TABLE I.- MAJOR LM RCS COMPONENTS 

Description 

Helium tank (2) 

Helium squib valve ( 4 )  

Helium f i l t e r  (2 )  

Helium regulator  ( 2)  

:heck valve (4) 

Relief valve ( 4 )  

Propellant tank ( 4 )  

Hain shutoff valve ( 4 )  

Ascent interconnect valve (8)  

Zrossfeed valve ( 2 )  

: luster  i s o l a t i o n  valve (16) 

Propellant i n  l i n e  f i l t e r  (16) 

Fhruster heater  (32) 

Fhrust chamber pressure switch (16) 

Engine (16) 

~ ~~ 

GAEC 
SPEC no. 

LSC 310-301 

LSC 310-302 

LSC 310-303 

LSC 310-305 

LSC 310-306 

LSC 310-307 

LSC 310-405 

LSC 310-403 

LSC 310-403 

LSC 310-403 

LSC 310-403 

LSC 310-125 

LSC 310-601 

LSC 310-651 

LSC 310-130 

Manufacturer 

A i r i t e  

Pelmec 

Vacco 

Fa i r  ch i ld  

Accessory Products 

Calmec 

Bel l  

Parker 

Parker 

Parker 

Parker 

Wintec 

cox 

Fai rch i ld  

Mar quardt 
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TABLE V I 1 . -  FLIGHT TIm LINE 

Event 

Lift-off (16:00:00.7 G . m . t . )  
RCS pressurizat ion 
RCS hot f i r e  
DPS-1 ullage (2 engine-B) 
DPS-1 burn 

RCS hot f i r e  
LM/CSM undocking 
DPS phasing u l lage  
(2 engine-B) 

DPS phasing maneuver 
DPS inser t ion  ullage 
(2 engine-B) 

DPS inser t ion  maneuver 
LM staging maneuver (RCS 4 

engine ) 
CDH ul lage (4 engine) 
CDH maneuver 
Terminal phase i n i t i a t i o n  
(2 engine-Z a x i s )  

LM CSM docking no. 2 
LM undocking from CSM 
AF'S burn t o  depletion 

u l lage  ( 2  engine-B) 
APS burn t o  depletion 
CM landing 

S t a r t ,  
g .e . t .  

00 : 00 : 00.7 
47 : 36: 58 
48: 04 : 36 
49 : 41 :25.6 
49 :41: 34 

91 :l9 :17 
92 : 39: 36 

93:47:28.0 
93:47:35.4 

95:39:01.0 

95 : 39 : 08.4 

96 : 16 :06.5 
96 : 58:12 
96 : 58:is.o 

97:58:00.0 

99 :02 :26 
101:22:45 

101: 52 : 41.8 
101 : 53 A5.4 
241 : 00 : 54 

a 
a 

a 

9. 

End, 
g . e . t .  

49 : 41: 35.2 
49:47:44 

93: 47 : 36.3 
93 : 47 : 54.0 

95:39:09.5 

95 : 39 :31.4 

96 :16 38.2 
96: 58: 16 a 

a 96: 58: 17.9 

97: 58 :34.7 a 

101:53:15.9 
101: 59 :05.4 

Duration, 
sec  

9.6 
370.0 

8.3 
18.6 

8.5 

23.0 

31.7 
4.0 
2.9 

34.7 

34.1 
350 0 

a Time unverified by reduced data .  
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TABLE 1X. -  LUNAR MODULE RCS PROPELLANT CONSUMPTION SUMMARY 

[O/F r a t i o  assumed t o  be 1.921 

Fuel,  
Par m e t e r  l b  

Loaded 

System A 108 
System B 108 

Consumed from RCS 
supply 

System A 73 "(76) 
System B 48 ( 5 0 )  

Remaining a t  last  
data transmission 

System A 35 ( 3 2 )  
System B 60 (58) 

Oxidizer, 
l b  

209 
209 

140 (147) 
92 (95) 

69 (62) 
117 (114) 

bNumbers are, based on engine on-time and f low-  
r a t e  data. 
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HELIUM-PRESSURE- THRUSTER 

RCS MANIFOLD 

AND ASCENT 
FEED VALVES 

W D  
Q ~r - *  

Syskm B THRUST CHAMBER 
ASSEMBLY CLUSTER 

Figure 3.- Lunar  module RCS component locations. 
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SECONDARY COIL \ 

SPRING - 
ARMATURE 
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CHAMBER 7 

PRESSURE SWITCH 

OXIDIZER TUBE 

HEATER A/B-2* 
ANNULUS 

OUTERMOST R I N G  

OXIDIZER VALVE 
ASSEMBLY 

INJECTOR HEAD 

COMBUSTION 
CHAMBER SEAL 

ATTACH RlNO 
_ -  - 
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Figure 4. - Thrust chamber assembly (engine ). 
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System B oxidizer mnlfold p r r ~ c  

(3 System A and B in namrl mode ( 9 8 5 5 2 0 )  (b) System A in iwnnal I ~ C ,  8 III ciitrcorwwct 
nodr during ascent poyulsion firing to 
drpMim (101:5&40) 

Figure 7.-  Manifold pressures for normal-mode operation and during 
ascent propulsion f i r i n g  t o  depletion. 
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Figure 13.- Pressure switch assembly - LSC 310-651-5-1. 
NASA - MSC 


